The adsorption capacity and mechanism of K þ ion onto modified-clinoptilolite (MC) for recovering potassium from seawater has been investigated in this paper. 
INTRODUCTION
Potassium is an important resource for agricultural production. However, the potassium resource on land is very limited, therefore recovering potassium from seawater has great prospects (Yuan et al. ) . The total reserve of potassium in seawater is about 500 trillion tons (Shahmansouri et al. ) . This amount is approximately 30 thousand times that of the land reserve, however the K þ ion concentration in seawater is only 399 mg/L, and coexists with more than 80 kinds of chemical elements. The technologies of extracting potassium from seawater using zeolite as adsorbent have gained a great deal of public attention. At present, using raw-clinoptilolite (RC) as adsorbent has been put into industrial operation (Jin et al. ) . However, the K þ ion adsorption capacity from seawater is only 14-20 mg/g due to the low purity and disproportionate quality of RC (Yuan et al. ) . In order to enhance the K þ ion adsorption capacity of RC, many modification experiments were carried out. After modifying, the characteristics of porosity and surface activity have been obviously improved.
The molecular structure of clinoptilolite consists of frameworks elements and exchangeable ions. The modification of clinoptilolite principally relates to replacement of non-skeleton and framework elements. The replacement of non-skeleton elements aimed at replacing the exchangeable ions of clinoptilolite, such as sodium, potassium, calcium and magnesium cations. Peng et al. () used thermal sodium chloride solution soaked zeolites, the internal the profound heating effect was quicker and more even in contrast to the hydrothermal method, which is extensively employed in the absorbent modification, which can improve the molecular structure and advance the adsorption capacity (Liu et al. ) . The organic matters in the absorbent inner holes were decomposed thoroughly with microwave heating.
Consequently, the inner holes were dredged and the outside of the absorbent particles were cleaned (Zhang et al. ) .
With adopting microwave modification instead of a hydrothermal method, the heating time and modification effects were improved greatly (Tang & Chen ) . The purpose of the present research was to make use of microwave modifying RC to enhance the K þ ion adsorption amount. The effect of microwave power and heating time on adsorption amount was investigated. Then the modified-clinoptilolite (MC) was used as adsorbent to recover potassium from seawater.
Recovering potassium from seawater is a physicochemical process that involves mass transfer of a solute from liquid phase to the adsorbent surface (Hao et al. ) .
Adsorption kinetics were performed to assess the uptake rates and contact times needed for completion of adsorption reactions in treatment systems. Pseudo-first-order, pseudosecond-order and Weber-Morris models were normally used to study the adsorption kinetics (Wang ) . To understand the mechanisms of adsorption, Langmuir and Freundlich models were generally used to describe the adsorption isotherms (Liu et al. ) . The Langmuir isotherm assumes that the surface of the solid is homogeneous and one specific site within the adsorbent can only match a molecule without access to others, that is, the form of adsorption is monolayer. However, the Freundlich isotherm describes the process of multilayer adsorption on uneven solid surfaces (Li et al. ) . In this research, the equilibrium data of using MC to recover potassium have been fitted by different kinetics and isotherm models. The thermodynamic parameters of entire adsorption process were also calculated.
MATERIALS AND METHODS

Instruments and reagents
The particle size of RC was 0.5-1.0 mm and was purchased from Jinyun County, China. Analytical-grade KCl, NaOH The specific surface area and pore size was measured by a surface area and pore size analyzer (Autosorb-1, Quantachrome Instruments, USA). The pH at the zero point of charge (pH ZPC ) was determined by Zeta potential analyzer (Zetasizer Nano ZS90, Malvern Instruments, UK).
Preparation of modified clinoptilolite
MC was prepared from 1.0 g KCl and 2.0 g NaOH dissolved in 25 mL deionized water and stirred until well mixed. Then, 1.0 g Al(OH) 3 was added to the above mixture and stirred continuously to room temperature (20 W C). After that, 5.0 g RC was added to the mixture which was then continually stirred for 2 hours. The above mixture was heated by the microwave digestion furnace using microwave power of 75, 150, 225, 300, 375, 450, 525, 600, 675 and 750 W, and heating times of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 min; the MC was separated from the hydrothermal mixture, thoroughly rinsed with deionized water and dried in an evaporating dish. Finally, the MC was calcined for 2 hours at 400 W C in a crucible.
In a beaker, 1.0 g of MC was added to 100 mL seawater (Bohai Bay, China) then it was stirred at room temperature for 30 min. After solid phase and liquid phase were separated, the concentration of K þ ion in the liquid phase was measured by AAS, and then the liquid phase was abandoned and fresh seawater was added into the solid phase for the next adsorption process. This operation was repeated three times after adsorption saturation. The K þ ion adsorption amounts of MC in different modifying conditions were calculated as follows:
where q e is the K þ ion adsorption amount (mg/g) of MC at equilibrium; C 0 is the concentration of K þ ion (399 mg/L) in seawater; C 1 , C 2 and C 3 represent the residual concentrations (mg/L) of K þ ion after the first, second and third adsorption process respectively; V and m are the volume (L) of seawater and dosages (g) of MC.
Adsorption kinetics
One gram of MC was added to 100 mL seawater and blended evenly. The concentration of K þ ion (C 0 ) in the seawater was 399 mg/L. At 20 W C, the mixture was oscillated in a constant temperature vibrator at 120 rpm. The concentration of K þ ion (C t ) in supernatant was measured by AAS at different times (20, 40, 60, 80, 100, 200 , 400 and 600 min). The adsorption amounts of K þ ion (q t ) were calculated based on the K þ ion mass conservation. The adsorption kinetics was respectively fitted by pseudo-firstorder, pseudo-second-order and Weber-Morris models. 
Adsorption isotherm and thermodynamic calculating
RESULTS AND DISCUSSION
Effect of pH value to adsorption amount 
Adsorption capacity of RC and MC
As shown in Figure 3 , the potassium adsorption capacity of RC and MC is 18.9 and 36.3 mg/g respectively. With microwave modification, the increment of adsorption capacity reached 92%. Consequently, the adsorption capacity of potassium by MC was significantly improved from the results.
Adsorption kinetics
In order to understand the transfer mechanism of K þ ion from liquid phase to solid phase, three adsorption kinetics models were used to describe the K þ ion transfer process from seawater onto MC. The linear form of pseudo-firstorder kinetic model is shown in the following equation (Hao et al. ) :
where q e (mg=g) is the adsorption amount of K þ ion at equilibrium (36.3 mg/g), q t is the adsorption amount of K þ ion at time t (min), k 1 (1=min) is the rate constant of the pseudofirst-order kinetic model.
The linear form of the pseudo-second-order kinetic model is expressed by Equation (3): Moreover, the initial adsorption rate h when t ¼ 0 is defined in the following equation (Cardoso et al. ) :
where k 2 (g=(mg Á min)) is the rate constant of pseudosecond-order kinetic model, and the intercept of Equation (3) was applied to calculate the k 2 value.
In accordance with the Weber-Morris model, the intraparticle diffusion stage controls the adsorption rate and the stage from liquid to adsorbent surface can be neglected. The model is expressed by the following Equation (5) (Tsai et al.
):
where k p (g=(mg Á min)) is the rate constant of WeberMorris, C value is the intercept of this plot. If the intra-particle diffusion stage is the rate-limiting step, the plot of q t against t 1=2 should go through the origin, the value of which is equal to zero.
On the basis of equilibrium data of the K þ ion adsorption amount, Figure 4 shows the effect of different times on the adsorption amounts of K þ ion onto MC in (a) seawater, (b) linear fit of pseudo-first-order, (c) pseudosecond-order and (d) Weber-Morris models. As can be seen from Figure 2 (a), the overall trend was an increase in adsorption amount with elapsing time. It was observed that the K þ adsorption rate was rapid from the beginning of the experiment and before 80 min, thereafter it proceeded with a slower rate and finally reached saturation.
The linear fit parameters of three kinetics models are listed in Table 1 . Judging from the R 2 value, we can see that the pseudo-second-order in Figure 4 (c) gives the best fitting result for all cases. This suggests that the K þ ion adsorption process should mainly be involving exchange or sharing of electrons between K þ cations and functional groups. In addition, the linear fit of Weber-Morris Figure 4 (d) models can be classified into two phases, also showing that intra-particle diffusion is not the only rate-limiting step in the adsorption process.
Adsorption isotherm
To clarify the adsorption mechanism of K þ ion onto MC, two commonly used types of isotherm models, Langmuir Moreover, R L value reflects the tendency of the adsorption process, when the value of R L is between 0 and 1, it indicates the adsorption process is favorable, otherwise, it is unfavorable. The R L value can be inferred as follows:
The Freundlich model is an empirical model, describing the process of multilayer adsorption on an uneven solid surface. The Freundlich linear model is expressed by the following equation (Li et al. ) : where q e (mg=g) and C e (mg=L) represent the adsorption amount of K þ ion onto MC and K þ ion concentration of KCl solution at equilibrium, K f and n are the constant of the model, expressing the adsorption amount and the intensity of the adsorption process. In addition, 1=n reflects the tendency of the adsorption process, when the value of 1=n is between 0.1 and 0.5, this indicates that the adsorption process is favorable, if the 1=n value is greater than 2, the adsorption process becomes difficult (Li et al. ) .
On the basis of equilibrium data of K þ ion adsorption amount onto MC, Figure 5 shows the linear fit of (a) the Langmuir model and (b) the Freundlich model at different temperatures (283, 293, 313 and 333 K).
The parameters of two isotherm models are listed in 
Thermodynamic parameters
The data obtained from the temperature study were used for thermodynamic analysis. Thermodynamic analysis focused on Gibbs free energy (ΔG), which can also be expressed using enthalpy changes (ΔH) and entropy changes (ΔS).
These parameters imply the feasibility of the adsorption process and are obtained using Equations (9)-(11) (Gupta et al.
):
where K L (L=g) represents the Langmuir constant, R (J=(mol Á K)) is the universal gas constant, 8.314 J/ (mol·K), ΔS (J=(mol Á K)) and ΔH (kJ=mol) were calculated from the slope and intercept of ln K L against 1=T plot as shown in Figure 6 , ΔG (kJ=mol) values with different temperatures were calculated from Equation (11),
is the atomic mass of potassium.
The calculated thermodynamic parameters are listed in Table 3 . Negative ΔG and ΔH indicates that the adsorption of K þ ion onto MC was an exothermic reaction. A positive value of ΔS suggests that an increased randomness occurs at the solid solution interface in the internal structure. The ΔG value obtained was relatively low (<20 kJ/mol), Table 4 . The results indicate that the specific surface area (including external surface area and micro-pore area) was increased after microwave modification. However, the average pore of MC was slightly increased. Consequently, the adsorption capacity of potassium was increased with the specific surface area increasing.
Chemical properties of the adsorbent were also rather important for adsorption. The pH at the zero point of charge (pH ZPC ) was determined by a Zeta potential analy- process, the specific surface area and pore size of absorbent has also been advanced. The adsorption kinetics follows the pseudo-second-order model, and the equilibrium data were well fitted to the Langmuir model, showing monolayer coverage of K þ ion onto the surface pores of MC.
Thermodynamic parameters, including Gibbs free energy (ΔG), enthalpy changes (ΔH), and entropy changes (ΔS),
were also calculated. The results demonstrated that K þ ion was naturally absorbed onto MC spontaneously and exothermically. Thus, the MC is applicable for recovering potassium from seawater as adsorbent.
